Intelligence quotient (IQ) scores tend to remain stable across the lifespan. Nevertheless, in some healthy individuals, significant decreases or increases in IQ have been observed over time. It is unclear whether such changes reflect true functional change or merely measurement error. Here, we applied surface-based corticometry to investigate vertex-wise cortical surface area and thickness correlates of changes in Full Scale IQ (FSIQ), Performance IQ (PIQ) and Verbal IQ (VIQ) in a representative sample of children and adolescents (n = 188, mean age = 11.59 years) assessed two years apart as part of the NIH Study of Normal Brain Development. No significant associations between changes in IQ measures and changes in cortical surface area were observed, whereas changes in FSIQ, PIQ, and VIQ were related to rates of cortical thinning, mainly in left frontal areas. Participants who showed reliable gains in FSIQ showed no significant changes in cortical thickness on average, whereas those who exhibited no significant FSIQ change showed moderate declines in cortical thickness. Importantly, individuals who showed large decreases in FSIQ displayed the steepest and most significant reductions in cortical thickness. Results support the view that there can be meaningful cognitive ability changes that impact IQ within relatively short developmental periods and show that such changes are associated with the dynamics of cortical thickness development.
Introduction
Intelligence quotient (IQ) is one of the most relevant human psychological characteristics, as highlighted by epidemiologic studies that document long-term predictive relationships between early cognitive ability and adult physical and mental health outcomes, including longevity (Jokela et al., 2009; Whalley and Deary, 2001 ). Brain imaging research has shown that general cognitive ability is also associated with several features of the human brain, such as gray matter morphology (Burgaleta et al., 2013; Colom et al., 2009; Gläscher et al., 2010; Haier et al., 2009; Karama et al., 2009 Karama et al., , 2011 , trajectories of cortical development (Shaw et al., 2006) , functional efficiency (Haier et al., 1988; Neubauer and Fink, 2009; van den Heuvel et al., 2009) , and integrity of white matter connections (Chiang et al., 2009; Tamnes et al., 2010; Yu et al., 2008) .
Contrary to other cognitive measures, IQ is an index of relative general performance, as it summarizes how well an individual performs in a cognitive battery with respect to a reference group of same-age peers. Therefore, although an individual's absolute level of performance will strongly vary across development (McArdle et al., 2002) , IQ scores, which are age-adjusted, will tend to remain relatively stable (Deary et al., 2000) . In keeping with this, in the current manuscript, the terms 'cognitive ability' and 'general cognitive ability' should be understood as referring to age-standardized rather than absolute measures of cognitive performance. Thus change scores, even absolute difference scores, indicate relative rather than absolute change.
Empirical data confirms that IQ is highly stable developmentally; for instance, Deary et al. (2000) reported a mean test-retest correlation between ages 11 and 77 of r = .73. However, although high, such a correlation nonetheless allows for occurrence of increases and decreases, sometimes significant in magnitude. Along these lines, a recent report from the NIH Study of Normal Brain Development (Waber et al., 2012) revealed that although the test-retest correlation for Full Scale NeuroImage 84 (2014) [810] [811] [812] [813] [814] [815] [816] [817] [818] [819] IQ (FSIQ) was high across a 2-year interval (r = 0.81), 25% of these healthy children and adolescents showed changes of 9 points or more (nearly 2/3 standard deviation) across this interval.
Such fluctuations, which are not well understood, have often been ascribed to measurement error (Flynn, 2007) , which some most certainly are. However, in keeping with recent evidence about brain plasticity and higher-order cognition (Draganski et al., 2004; Haier et al., 2009; Lövdén et al., 2010; Mackey et al., 2012; Takeuchi et al., 2010) , some of these fluctuations could also represent true changes in cognitive abilities. Documentation of association between IQ changes and morphometric variations in neural structure would strongly support such a view. In this vein, Ramsden et al. (2011) studied 33 adolescents using voxel-based morphometry and found changes in two aspects of FSIQ, Verbal and Performance IQ (VIQ; PIQ), to be associated with changes in regional gray matter in sensorimotor areas. While these findings strongly suggest that IQ changes can indeed be genuine, generalization is somewhat limited by small sample size, use of different IQ tests at different ages, and sample peculiarities (e.g., about half appeared to meet criteria for dyslexia).
Here, we investigated the structural correlates of longitudinal changes in IQ in participants of the NIH MRI Study of Normal Brain Development. Individuals included in the present study (N = 188) contributed structural MRIs and concurrent IQ testing with the Wechsler Abbreviated Scale of Intelligence (WASI) at a 2-year interval. To better characterize structural changes in gray matter, corticometric methods were applied to generate two independent indices of cortical morphology: cortical thickness (CTh) and cortical surface area (CSA). Each of these metrics is known to reflect different components of cortical structure. Cortical surface area is related to the number and spacing of minicolumnar units of cells whereas cortical thickness is thought to index the number of neurons per column as well as glial support and dendritic arborization (Chklovskii et al., 2004; la Fougere et al., 2011; Rakic, 1988; Thompson et al., 2007) . Changes in IQ were regressed against maps of changes in cortical thickness and surface area.
Given previous findings (Ramsden et al., 2011) , we hypothesized that changes in VIQ would be positively related to gray matter structural changes in sensorimotor areas. Furthermore, because of our larger sample and hence greater statistical power, we hypothesized that we would observe additional associations with VIQ and PIQ, as well as with FSIQ. We anticipated such associations in parieto-frontal areas previously shown to be involved with individual differences in cognitive ability (Jung and Haier, 2007) .
Materials and methods

Sample
Data were obtained from the Pediatric MRI Data Repository (Objective 1) created for the National Institute of Mental Health MRI Study of Normal Brain Development (Evans and Brain Development Cooperative Group, 2006) , a multi-site longitudinal project aimed at providing a normative database to characterize healthy brain maturation in relation to behavior; 431 subjects underwent cognitive evaluation and MRI acquisition, distributed in six different sites (a listing of the participating sites and of the study investigators can be found at: http://www.bic. mni.mcgill.ca/nihpd/info/participating_centers.html). The sample was demographically representative of the normative US population based on age, gender, ethnicity, and socioeconomic status (Waber et al., 2007) . Participants with prior history of psychiatric disorders, neurological, or other medical illnesses with central nervous system implications were excluded. Some of the participants (24%) underwent one single MRI session; 39% were scanned twice; and 37% were scanned three times. Data for visit 3 were excluded for those participants with more than two time points in order to build a simple pre-post design. Participants with only one MRI scan, missing IQ scores or failing processed MRI quality control at one or more time points were excluded. Further visual quality control (blinded to cognitive ability scores) of the native cortical surfaces detected obvious problems in a total of 36 scans (e.g., frontal lobe truncation due to failed automatic brain masking, fused gyri or clearly aberrant cortical thickness values due to ringing artifacts), that were also excluded of the analyses. The final sample analyzed retained a total of 188 subjects (mean age ± SD at the time 1: 11.59 years ± 3.46; range 6.01 to 20.01 years; 59% of participants were females; and the mean inter-scan lapse was 1.96 years. See Table 1 for further characteristics of the sample used).
Cognitive measures
The Wechsler Abbreviated Scale of Intelligence (WASI) was used for all subjects (Wechsler, 1999) . The WASI includes the Vocabulary, Similarities, Matrix Reasoning, and Block Design subtests. FSIQ as well as VIQ and PIQ scores were obtained for each participant at each visit. See Table 1 for a summary of these data.
MRI acquisition protocol
A 3D T1-weighted Spoiled Gradient Recalled (SPGR) echo sequence from 1.5 Tesla scanners was acquired for each participant at each visit, with 1 mm isotropic data acquired sagittally (whole head); TR = 22-25 ms, TE = 10-11 ms. Excitation pulse = 30°, refocusing pulse = 180°. FOV = AP 256 mm, LR 160-180 mm. Matrix size = AP 256 mm, LR for 1 mm isotropic. Slice thickness of~1.5 mm for GE scanners (with a limit of 124 slices) was allowed to guarantee whole head coverage.
MRI processing
MRI images were processed by applying a fully automated in-house pipeline, CIVET 1.1.9 (Ad-Dab'bagh et al., 2006; Kim et al., 2005; MacDonald et al., 2000) for the measurement of regional cortical thickness. CIVET was developed at the Montreal Neurological Institute and comprises several steps, extensively detailed elsewhere : linear registration of native T1 images to the ICBM152 template (Mazziotta et al., 1995) ; non-uniformity correction; tissue classification into gray matter, white matter cerebrospinal fluid and background; pial and white matter surface fitting (40962 vertices per hemisphere); non-linear surface registration to a high-resolution surface template in ICBM152 space; inverse registration of the surfaces into native space; cortical thickness calculation at each vertex with the t-link metric ; cortical thickness smoothing applying a 20 mm FWHM surface-based smoothing kernel; surface area calculation at each vertex as one third of the total area of all triangular facets adjoining it; and surface area smoothing using a 40 mm FWHM surface-based smoothing kernel ).
Longitudinal design and statistical analyses
We computed IQ difference scores (time 2 minus time 1; ΔIQ), as well as individual maps of cortical changes (time 2 minus time 1; ΔCTh or ΔCSA depending on the variable under study). Vertex-wise analyses were carried out via permutation-based inference (Nichols and Holmes, 2002) , implemented using the randomise tool of the FSL package (FMRIB, Oxford, UK; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ Randomise). For this purpose, the surface data were projected onto an ICBM152 2 mm template by means of the appropriate function of the SurfStat Toolbox (http://www.math.mcgill.ca/keith/surfstat/), so that each vertex value was assigned to its nearest voxel while respecting the standard space of reference. Five thousand permutations were performed for each analysis. The association between ΔIQ and ΔCTh or ΔCSA was analyzed at each vertex, controlling for the effects of age at time 1, gender, scanner, IQ at time 1, and inter-scan lapse and mean CTh (when looking at CTh changes) or total CSA (when looking at CSA changes) at time 1. Controlling for mean CTh or total CSA effects allowed improved sensitivity to detect local areas of significance unrelated to potential overall cortical effects. More specifically, the fitted regression equation at each vertex was:
where Age_T1 is age in years at time 1, MeanCTh_T1 is mean cortical thickness at time 1, IQ_T1 is IQ at time 1, and TimeLapse is the exact interval between time 1 and time 2 in years. An equivalent regression equation was fitted for ΔCSA.
Regression coefficients for changes in CTh or CSA were estimated for changes in FSIQ, PIQ, or VIQ, depending on the focus of analysis. Corollary t-statistic maps were produced at each vertex of the cortical surface. Threshold-Free Cluster Enhancement (Smith and Nichols, 2009 ) was applied to detect cluster-wise statistical signal while avoiding the setting of arbitrary cluster-forming thresholds. Finally, statistical maps were thresholded at p b 0.05 corrected for multiple comparisons (familywise error rate below 5%).
Results
Descriptive statistics for the main variables of interest are shown in Table 1 . Mean IQs for the sample were substantially above the population norm of 100 at both time points, and standard deviations were slightly smaller than the norm of 15. Fig. 1 displays the individual trajectories of change for FSIQ, VIQ and PIQ. According to the published 90% confidence intervals (Wechsler, 1999) , 51.6% of the subjects showed clear changes in FSIQ, 46.3% in VIQ, and 44.2% in PIQ. There were no significant correlations between change scores in FSIQ/VIQ/PIQ and age, mean CTh or mean CSA at either time point. There were also no significant gender differences. However, change in FSIQ correlated with initial FSIQ (r = −.33, p b .01) as well as with subsequent FSIQ (r = .25, p b .01). Similar patterns were found for VIQ (initial: r = −.43, p b .01; subsequent: r = .29, p b .01) and PIQ (initial: r = −.33, p b .01; subsequent: r = .31, p b .01). These patterns show the expected regressions to the mean.
In keeping with previously reported findings on this dataset (Brain Development Cooperative Group, 2012; Nguyen et al., 2013) , only first-order linear (i.e. no quadratic or cubic effects) cortical thinning effects of age were found across most of the cortex (Fig. 2) and no significant increases in CTh were detected. On the other hand, decreases in CSA (also exclusively of a first-order linear type) were found only in the right occipital pole and right superior temporal gyrus, whereas increases were detected bilaterally in the anterior cingulate cortex (Fig. 3) .
Importantly, changes in FSIQ scores were significantly related (FWE b 0.05) to changes in CTh (Δ CTh ) in regions of the left hemisphere that included the sensorimotor cortex (left pre-and post-central gyri) as well as the superior, middle, and inferior frontal gyri, and pars opercularis and triangularis regions (Fig. 4A ). Correlations ranged from 0.11 to 0.33 within the significant region detected by the TFCE algorithm, with the local maximum of significance found in the left inferior pre-central gyrus (changes for CTh at the peak vertex are also shown in Fig. 5 ). No significant associations between changes in CSA and changes in FSIQ were found. When inspecting the maximum and minimum values for FSIQ, PIQ and VIQ at both time points, we identified two subjects with particularly high scores at time 1 (z score N 3; see longitudinal plots in Fig. 1 ). We repeated our analyses after excluding those subjects and obtained essentially identical results to those shown in Fig. 4 . Finally, we also repeated our analyses for CTh after applying a FWHM smoothing kernel of 40 mm, equaling the one applied to CSA. Again, this modification had very little impact on our results and had no repercussions on our conclusions. To illustrate the main IQ results, participants were partitioned into three groups according to their Δ FSIQ scores. As did Ramsden et al. (2011) , we used the 90% CI to ensure that FSIQ changes were not due to measurement error. Further, because difference scores can be to some extent unreliable, using the confidence intervals allowed us to study brain changes for those participants showing reliable IQ increases, reliable IQ decreases, and no reliable IQ changes. Thus, groups were defined as follows: 'increase' (FSIQ at time 2 ≥ upper endpoint of the FSIQ 90% confidence interval; N = 58), 'stable' (FSIQ at time 2 within the FSIQ 90% CI; N = 92), and 'decrease' (FSIQ at time 2 ≤ 90% CI lower endpoint; N = 38). At the peak vertex for the association between FSIQ change and CTh change, the 'increase' group showed non-significant cortical thickening (t = 0.658, p = 0.513), whereas the 'decrease' group displayed the steepest rates of reduction in CTh (t = −4.827, p = 0.00001; Fig. 4C ). Subjects in the 'stable' group showed milder decreases in cortical thickness (t = −2.578, p = 0.012) (Fig. 4C) .
Finally, changes in PIQ were associated (FWE b 0.05) with changes in CTh in the left pre-central and inferior frontal gyri (as found for FSIQ), in regions of the right posterior superior frontal cortex including the superior precentral gyrus as well as in the right paracingulate/ medial superior frontal gyrus including the supplementary motor area. For VIQ, only a trend association was observed (FWE b 0.1) in a small region located in the inferior precentral gyrus (Fig. 6 ). This was in very close vicinity to the peak region where associations with FSIQ and PIQ changes were observed.
Discussion
The primary finding of this study was that individual differences in the rate of change in cortical thickness were related to changes in three aspects of IQ, indices of relative general cognitive ability that summarize how well an individual performs in a cognitive battery with respect to a population-based reference group. More specifically, we showed that i) changes in CTh, and not CSA, were associated with FSIQ, VIQ, and PIQ changes; ii) relevant CTh changes took place in regions that are known to be associated with general cognitive ability; and iii) children and adolescents displaying FSIQ losses displayed the steepest cortical thinning rates, and FSIQ gains were not accompanied, on average, by significant cortical thickening. Taken together, these findings, which were based on a sizeable sample of children and adolescents, underscore the dynamic nature of intelligence-brain relations and, more importantly, support the idea that changes in IQ across development can reflect meaningful general cognitive ability changes and have a neuroanatomical substrate.
Consistency with previous literature on brain-cognition associations
Changes in cognitive ability were significantly associated with changes in CTh in the frontoparietal regions of the left hemisphere, mainly comprising posterior areas of the frontal cortex. Crucially, these cortical regions have previously been related to individual differences in general cognitive ability in cross-sectional studies (Barbey et al., 2012; Jung and Haier, 2007; Karama et al., 2009 ). Changes in PIQ were associated with changes in the left pre-central gyrus and left posterior superior and inferior frontal cortices, areas that roughly overlapped with regions that correlated with changes in FSIQ. Change in PIQ was additionally associated with changes in CTh in the caudal and rostral supplementary motor areas of the right hemisphere. In contrast, changes in VIQ yielded only trend-level correlations with CTh changes (FWE b 0.1) in the left pre-central gyrus. Post-hoc analyses helped illustrate the nature of the observed associations. These analyses revealed that, on average, participants with substantial gains in FSIQ scores exhibited no significant changes in cortical thickness, although those with the largest FSIQ gains tended to show increases in cortical thickness, as shown in Fig. 4B . Participants who exhibited no change in FSIQ tended to show modest decreases in cortical thickness, of a magnitude consistent with previous observations of normative developmental change in cortical thickness for the age group under study (Panizzon et al., 2009; Raznahan et al., 2011; Shaw et al., 2008) . Finally, those individuals who experienced declines in FSIQ displayed the steepest reductions in cortical thickness. Contrasted with our systematic findings for cortical thickness, we did not find evidence of associations between changes in measures of cognitive ability and changes in cortical surface area. These findings are consistent with reports that developmental changes in surface area are less significant (Østby et al., 2009 ) and less steep (Raznahan et al., 2011) than those for cortical thickness.
Our results are somewhat consistent with, and also extend, those of Ramsden et al. (2011) . Indeed, our strongest region of association with changes in FSIQ, PIQ, and VIQ, was in the left pre-central gyrus; the same region where Ramsden et al. (2011) noted an association with VIQ change. They did not report associations for FSIQ, however, whereas we found a clear pattern of association. Moreover, they observed an association between gray matter density and PIQ in the cerebelluma structure that is not yet amenable to automated cortical thickness quantification due to its high degree of gyrification. Differences between voxel and surface-based morphometry techniques, as well as other methodological differences (e.g., sample size, cognitive tests used, sample representativeness) are likely partly to account for the observed discrepancies. Importantly, and contrary to Ramsden et al.'s (2011) conclusions, the association between cortical and cognitive changes in our data was found in brain areas that are relevant for individual differences in general intelligence.
The associations we observed in sensorimotor areas deserve further study, although they are consistent with extensive evidence showing that the sensorimotor cortex is involved in abstract reasoning, a main subcomponent of general cognitive ability. Indeed, a recent metaanalysis of 28 fMRI studies on deductive reasoning (Prado et al., 2011) described reliable association with a left-lateralized cortical network which includes, among other regions, the inferior frontal gyrus, middle frontal gyrus, pre-central gyrus, and medial frontal cortex. Activity of the left pre-central gyrus during reasoning tasks has been interpreted as indicative of the relevance of motor and attentional processes to cognitive processing (Acuna et al., 2002) . Furthermore, the sensorimotor cortex is part of a broad working memory system that includes the prefrontal cortex, anterior cingulate cortex and hippocampus (Braver and Cohen, 2000; Cohen and Servan-Schreiber, 1992; Miller and Cohen, 2001; O'Reilly et al., 1999) . Along these lines, recent research on the impact of brain lesions on cognition has suggested a left-lateralized frontoparietal network for working memory, with the peak for the lesion-deficit relationship located in the vicinity of the left paracentral gyri (Gläscher et al., 2010) . Importantly, working memory capacity has been proposed as germane to individual differences in reasoning and general cognitive ability (Colom et al., 2003 (Colom et al., , 2004 Engle et al., 1999; Stauffer et al., 1996) . Therefore, one could speculate about developmental changes in working memory capacity, with corollary impacts on IQ. However, this hypothesis remains to be tested.
Finally, the benefits of a reduced rate of cortical thinning across childhood and adolescence have been shown for another cognitive domain by Shaw et al. (2013) , who recently reported that children with ADHD whose symptoms persisted into adulthood displayed higher rates of cortical thinning across development when compared to normal controls (bilateral cingulate gyrus, medial prefrontal cortex, and precuneus, as well as right dorsolateral prefrontal cortex), while those that remitted exhibited a slower rate of cortical thinning -and in some cases, even cortical thickening -than normal controls.
Cellular underpinnings of cognitive ability-related changes in cortical thickness
The fact that IQ changes were significantly associated with CTh changes, but not CSA changes, may have interesting implications regarding the microstructural underpinnings of the reported longitudinal fluctuations in IQ. At the cellular level, the number of neurons, the amount of glial and capillary support, and the level of dendritic arborization can account for most of the variability in CTh, whereas CSA is presumably related to the number and spacing of mini-columnar units of cells (Chklovskii et al., 2004; la Fougere et al., 2011; Rakic, 1988; Thompson et al., 2007) . This fits well with the fact that IQ changes were related to CTh changes -likely indexing cellular events that are sensitive to postnatal development and experience, but not to CSA changes -which are likely dependent on neurogenesis and neuronal migration, two processes that are almost complete by term gestation (Hill et al., 2010) .
Nevertheless, CSA may also index indirect processes by which the distance between cortical mini-columns is increased or decreased, such as the mechanistic pressures exerted by the size and complexity of the dendritic arbors (Hill et al., 2010; Meyer, 1987; Mountcastle, 1997) . CSA might also be sensitive to the size of intracortical elements or to the volume of white matter adjacent to a given gyrus or sulcus (Feczko et al., 2009 ). This would be consistent with the fact that we observed significant longitudinal changes in CSA during childhood and adolescence. With regard to the associations found for CTh changes, there is no evidence of neuronal proliferation in the human cortex during most of post-natal development, which makes it unlikely that the observed CTh changes are due to changes in the number of cortical neurons (Zatorre et al., 2012) . A more plausible alternative is that CTh changes stem from modifications in amount of glial and capillary support, as well as in dendritic arborization (Chklovskii et al., 2004; Sur and Rubenstein, 2005; Thompson et al., 2007) . Indeed, there is evidence showing that gliogenesis occurs as a consequence of learning and experience (Dong and Greenough, 2004) and is considered an important candidate mechanism for experience-related changes in gray matter morphology (Zatorre et al., 2012) . In addition, animal studies show learning-related increases in number of synapses, glial cells, as well as in cortical capillary density (Anderson et al., 1994 (Anderson et al., , 2002 Black et al., 1990; Isaacs et al., 1992; Kleim et al., 1996) . However, it is not clear whether decrements in these microstructural parameters would also account for cortical thinning processes, or whether they may instead underpin cortical thickening only.
On the other hand, cortical thinning in the age range studied here can be partly explained by synaptic pruning (Huttenlocher and Dabholkar, 1997; Paus, 2005; Petanjek et al., 2011) . Based on this evidence, we speculate that an excessive loss of neuronal connections (perhaps with associated glia and capillary modifications) might be behind the steeper cortical thinning found in those participants in whom cognitive ability decreased, thus preventing or delaying adequate circuitry specializations relevant for cognition (Hensch, 2004; Knudsen, 2004) . This is consistent with cross-sectional studies showing that higher IQ levels are associated with greater numbers of dendrites (Jacobs et al., 1993) , and that individuals with very low IQ display reduced dendritic branching compared to the normal population (Huttenlocher, 1991) .
Putative underpinnings of the association between changes in cognitive ability and rate of cortical thinning
The reported changes in cognitive ability may reflect individual differences in relative rates of cognitive (and brain) development. That is, some participants may develop earlier or later compared to their peers, causing their age-related rank orders in cognitive ability to shift upward or downward. Such shifts could be transitory or, instead, have long-lasting effects and persist in adulthood. A second possibility, consistent with the hypothesized excess of dendritic and spine elimination suggested above, is that a non-pathological relative decrease in cognitive ability may be partly caused by insufficient educational and social stimulation during a sensitive period (Hensch, 2004; Knudsen, 2004) , among other factors known to influence cognitive ability, such as lifestyle, diet and nutrition ). Indeed, previous reports have suggested that dendritic and spine rearrangement and elimination occurring during childhood and adolescence are likely dependent on social and educational interactions (Petanjek et al., 2008) . Moreover, it has been shown that schooling has an effect on IQ (Ceci, 1992; Ceci and Williams, 1997) .
Nevertheless, the processes that underlie cognitive development are known to involve complex genetic and experiential interactions . A fundamental question that arises, therefore, is how these complex interactions between genetic and environmental influences contribute to the observed developmental trajectories. Along these lines, van Soelen et al. (2012) recently found that cortical thinning rates in children were under moderate to high genetic influence, and independent genetic factors influenced different cortical areas. This does not necessarily mean, however, that cognitive ability levels and developmental trajectories in general are largely genetically determined via some genetic influence on cortical structure. For example, experimental evidence in both animals and humans suggests that cortical morphology is malleable to experience (Draganski et al., 2004; Haier et al., 2009; Lerch et al., 2011) . If the outcome of practice with intellectual skills is genetically influenced and in turn influences CTh development, the genetic influences on such practice will appear over time as genetic influences on CTh even if access to practice with intellectual skills were completely socially dictated. Moreover, the genetic contribution to variance in cognitive ability can vary considerably depending upon the environmental context; for instance, in less advantaged circumstances, environmental factors can play more potent roles, apparently obscuring genetic influences (Turkheimer et al., 2003) . Furthermore, shared environmental influences account for substantial variance in cognitive ability during childhood (Haworth et al., 2010) , but they decrease with age and are offset by increasing genetic influences -a pattern similar to that observed for cortical thickness development ) that could also be explained by geneenvironment correlation that passes from passive to active (Johnson, 2010) . We thus speculate that environmental (e.g., social and educational) factors may be of relevance, although their interactions with the genetic endowment would obviously be critical for phenotypic alterations in relative cognitive ability.
Limitations and future research
It has long been proposed that MRI methods could yield apparent cortical thinning during adolescence that is partly explained by developmental myelination at the gray-white matter boundary (white matter encroachment; Gogtay and Thompson, 2010; Panizzon et al., 2009; Sowell et al., 2001 Sowell et al., , 2004 Thompson et al., 2007) . Such a process is thought to increase the T1-weighted MRI signal of lower cortical layers, making it more likely for those boundary voxels to be classified as white matter. While such a process likely occurs, it would be unlikely to account for the tendency observed here for cortical thickening in individuals whose FSIQ scores increased. Further, Tamnes et al. (2010) showed, by means of concurrent estimation of developmental trajectories for cortical thickness and white matter volume and integrity, that longitudinal increases in white matter structure did not account for the observed cortical thinning. Therefore, although indirect effects of wiring and myelin proliferation at the lower cortical layers might affect MRI signal and tissue segmentation, in the present case it is more likely that the cognitive changes were related to true change in the microstructure and thickness of the cortical mantle, and not only in surrounding white matter.
A further methodological consideration is that difference scores such as what we used can be to some extent unreliable, due to the compounding of error variance in both time 1 and time 2 measures as well as the tendency for extreme scorers to regress towards the mean. Moreover, our sample was rather restricted in range of cognitive ability, with average FSIQ scores around .8 standard deviations above the population mean at both time points, and standard deviations about 20% smaller than in the population at large. In general, these problems should act to attenuate the associations in which we were interested. Albeit we addressed this by considering separate groups of participants who likely showed reliable increases in FSIQ, no reliable change, and reliable decreases, it remains to be answered whether the associations observed here, as well as their magnitude, would be amplified in more heterogeneous samples. We showed, on the other hand, that our results were not sensitive to the presence of outliers and the use of different smoothing kernels, which supports the robustness of the findings.
Despite these limitations, this research supports the view that developmental fluctuations in IQ scores are reflected in changes in brain structure. Specifically, here we show, for the first time, that longitudinal general cognitive ability changes were associated with cortical thickness changes in brain structures that are known to be related to individual differences in intelligence in cross-sectional correlational studies. Future research should investigate observed changes in adulthood and include other MRI-based indices that provide information about potential changes in subcortical morphology, white matter integrity and functional connectivity, given that these have been shown to correlate with general cognitive ability in cross-sectional studies (Burgaleta et al., 2013; Chiang et al., 2009; Karama et al., 2009 Karama et al., , 2011 Tamnes et al., 2010; Yu et al., 2008) . Furthermore, this research could be complemented by studying longitudinal changes in specific cognitive skills, independent of general intelligence (e.g., by studying changes in residual scores obtained after regressing out FSIQ upon VIQ and PIQ). Although we reported results for VIQ and PIQ in an effort to increase comparability with the study of Ramsden et al. (2011) , these measures are highly correlated and load strongly on a general factor of intelligence, and thus should not be regarded as proper indices of specific skills. Finally, in order to better understand the underpinnings of general cognitive ability changes, future research on how social, educational, and genetic factors influence changes in intelligence via their impact on brain development is necessary.
